Herein, three-dimensional ordered macropore (3DOM) x% W/Ce 0.8 Zr 0.2 O 2 (x ¼ 0.5, 0.8, 1, 3) catalysts were prepared and employed for the simultaneous removal of PM (particulate matter) and NO x from diesel engine exhaust. The contact between the solid PM and the catalyst active site was strengthened by the special 3DOM structure. 3DOM 0.8% W/Ce 0.8 Zr 0.2 O 2 had superior catalytic activity with a maximum concentration of CO 2 at 408 C and nearly 100% NO conversion at 378-492 C, and also presented high catalytic activity even under a high space velocity of 50 000 h
Introduction
Contrary to gasoline engines, diesel engines have become extremely popular due to their relevance for excellent fuel economy and potential for reliability and durability. [1] [2] [3] [4] Particulate matter (PM) and nitrogen oxides (NO x ) released from diesel engines can lead to severe environmental and health problems and directly produce acid rain and photochemical smog. In the past few years, many of the technologies for NO x and PM elimination have been used to meet the increasingly stringent emission regulations, and catalytic purication is considered a potential approach due to its high efficiency. The usability of a catalyst with high performance is the core of this technology.
Nowadays, the abatement of PM and NO x from diesel engines is oen performed by a separate aer-treatment technique such as the widespread use of DPF (Diesel Particulate Filters) and SCR (Selective Catalytic Reduction) technology. [5] [6] [7] [8] [9] [10] [11] The lter system has been through three generations. Generation 1 used Pt-based oxidation catalysts to eliminate HC and CO emissions and also needed a base-metal fuel additive that promoted PM combustion. Generation 2 only used Pt-based oxidation catalysts to eliminate pollutants. Generation 3 was designed by Johnson Matthey in 2005 and involved a single small cordierite lter. HC and CO were oxidized by the catalyst through normal driving; PM was burned by the increased temperature caused by the oxidation of extra partially burnt fuel during active regenerations. All these processes were cumbersome and expensive. 12 To achieve extremely high performance for abatement, combinations of noble metals with the other catalysts have been used. 13, 14 Nascimento et al. reported that the Ru-modied Ce 0.4 Zr 0.6 O 2 catalyst was a high performance catalyst for PM oxidation reactions in the temperature range of 220-500 C. 15 The Mn-promoted Pd 0.5 /TiO 2 -Al 2 O 3 catalyst for SCR reaction of NO x by H 2 (H 2 -SCR) was also reported by Duan et al. 16 However, the high costs and limited supply of these noble metals restrict their application in viable commercial products. To avoid using the noble metals, new catalysts are greatly desired, especially in a relatively low temperature range, and the search for these continues. 17 CeO 2 is one of the core components of three-way catalysts, which supplies abundant ability to store oxygen on account of the redox cycling between Ce 3+ to Ce
4+
; however, pure CeO 2 is not t for these applications owing to its high redox temperature (700 C) and the decrease in surface area for sintering. By introducing Zr or zirconium oxide into CeO 2 , the thermal stability and oxygen storage ability may be remarkably enhanced. 18 WO 3 is regarded as a dominant component for NH 3 -SCR such as V 2 O 5 -WO 3 supported on TiO 2 anatase, 19, 20 which can increase the amount of oxygen vacancies and reactive sites. In addition, the employment of WO 3 also affects the catalyst by enhancing the surface acidity, which may be benecial for the adsorption of NH 3 . Therefore, we investigated the design and use of the non-noble metal bifunctional catalyst W/Ce 0.8 Zr 0.2 O 2 as a monolithic catalytic cleaner to achieve the simultaneous abatement of PM and NO x .
In a heterogeneous catalysis reaction, efficient contact is very important for highly catalytic performance. PM combustion typically belongs to the three-phase edge reaction, which proceeds in several gas reactants (O 2 , NO, NO 2 ) and solid reactants (catalyst and PM). Thus, effective contact between PM and catalyst is vital to excellent catalytic PM oxidation performance. Therefore, the catalyst design is signicant for the improvement of the contact between the catalyst active sites and PM. 21 As is well known, the limitation of these conventional catalysts is that there are smaller pore sizes (<10 nm) than the PM (>25 nm). [22] [23] [24] The PM cannot be allowed to transfer and diffuse in the internal spaces of the catalysts, and only the outer space of the catalyst can be effectively utilized. In this work, three-dimensionally ordered macropore (3DOM) catalysts have been synthesized with orderly interconnected macroporous structure to offer more channels and also boost the mass transfer and reactant diffusion, 25, 26 thus improving the contact between the PM and catalyst active sites and dramatically enhancing the catalytic performance. Moreover, the temperature for PM combustion can be lowered and it can lead to greater energy-saving and economic benets.
To overcome the drawbacks of the traditional process, a fourth generation lter system used in a single catalytic converter that can replace the otherwise separate catalytic DPF and SCR steps has been put forward. Based on the properties and the distinct features, 3DOM x% W/Ce 0.8 Zr 0.2 O 2 catalysts have been synthesized and employed as monolithic catalytic cleaners for the simultaneous removal of PM and NO x ; their physico-chemical properties and highly catalytic performances have also been investigated.
Experimental

Synthesis of 3DOM catalysts
The monodisperse polymethyl methacrylate (PMMA) microspheres with average diameter of about 330 nm were synthesized according to the previously reported procedure. 27 The microstructure and morphology of the catalysts were determined by transmission electron microscopy (TEM) and scanning electron microscopy (SEM).
Raman spectra were used to investigate the catalyst structures; an inVia Reex-Renishaw spectrometer was used with the anti-Stokes range of 100-2000 cm À1 . A He-Gd laser (excitation wavelength of 532 nm) was used as the excitation source. X-ray photoelectron spectra (XPS) of these samples were obtained on an XPS PHI-1600 ESCA using Mg Ka (hn ¼ 1253.6 eV) as the X-ray source. The C 1s peak (binding energy, BE ¼ 284.8 eV) was employed as standard to determine the BE of Ce 3d and O 1s.
In NH 3 -TPD, the samples were pre-treated with N 2 at 600 C for 1 h, then cooled to 30 C and further to achieve saturation with high purity NH 3 , then ushed with N 2 to purge the physisorbed NH 3 . Finally, NH 3 -TPD operation was performed from 60 to 600 C at a 10 C min À1 heating rate.
Prior to H 2 -TPR analysis, 100 mg of sample was pre-treated under Ar atmosphere at 300 C for 1 h to clean up carbon dioxide and adsorbed water, then cooled to room temperature. The catalyst bed was exposed to 10% H 2 /Ar ow (40 mL min À1 )
while the temperature was increased from 100 to 1000 C at the rate of 10 C min À1 .
In situ diffuse reectance infrared Fourier transform (DRIFT) spectra were recorded on a FTIR spectrometer (Thermo Nicolet Is50), equipped with a high temperature environmental cell and a MCT detector cooled by liquid N 2 . The catalyst was put in the Harrick IR cell and heated to 400 C to purge the impurities under N 2 atmosphere with the ow rate of 100 mL min À1 for 60 min. The background spectrum was collected under owing N 2 atmosphere, and was subtracted from the sample spectra. DRIFT spectra were recorded by accumulating 32 scans with the resolution of 4 cm À1 .
Catalyst activity
For simultaneous PM-NO x removal, PM oxidation and NH 3 -SCR catalytic tests were undertaken in a continuous-ow xed-bed reactor with a quartz tube. Printex-U was utilized to simulate PM. The average grain size and surface area for Printex-U were 25 nm and 100 m 2 g À1 , respectively. Before each catalytic activity test, the catalyst and Printex U with a 10 : 1 mass ratio were mixed using a spatula to achieve loose contact, which resembled an actual pollutant state emitted from diesel engines. 29 The mixture was put between quartz wool plugs in a quartz tubular reactor. The reaction gases consisted of 1000 ppm NH 3 , 1000 ppm NO, 5% H 2 O (when used) and 3% O 2 with N 2 as the balance gas. The gas hourly space velocity (GHSV) was 25 000 h À1 with a ow rate of 100 mL min À1 at standard pressure and temperature. The catalytic test for the optimal catalyst was also performed at higher GHSV by decreasing the amount of the catalyst. The online IR spectroscopy (Thermo Is50 FTIR) was employed to detect the outlet concentrations of NH 3 , NO, NO 2 , N 2 O and CO 2 . The sample was rst swept by N 2 with a ow rate of 100 mL min À1 for about 45 min before obtaining a background IR spectrum of the reactor effluent. Aerwards, effluent IR spectra were recorded for the reactor feed including 1000 ppm NH 3 , 1000 ppm NO, 3% O 2 in N 2 . Activity tests were conducted from 30 to 600 C at a rate of 3 C min À1 . The catalyst stability was evaluated by repeatedly evaluating its performance in this manner. In another run, 10 mg Printex U was mixed with the catalyst. The potential impact of the mass transfer limitations for the reaction was ruled out and veried by applying the Koros-Nowak criterion to calculate the reaction rates. For PM oxidation, the temperatures for the maximal PM combustion rate (denoted as T m ) in the CO 2 concentration proles were applied to determine the performances of different catalysts. The capability of the catalyst for NO x reduction was evaluated by NO conversion and N 2 selectivity, which are dened by the following equations:
where Table S1 †), respectively. Water in the reactant gas is an important variable for the emission control of catalysts in humid conditions. Therefore, the catalytic performance of the 3DOM 0.8% W/Ce 0.8 Zr 0.2 O 2 catalyst was detected for simultaneous abatement in the presence of 5% H 2 O, and the result is shown in Fig. 4 Fig. S2 . † A sharp increase of the H3 loop between the 0.8 and 1.0 P/P 0 range of each sample indicated the macroporous structure.
36 BET analysis of 3DOM materials is summarized in Table S2 
The results of Raman spectroscopy characterization
In Fig. S3 40 Under these circumstances, it is rational that there is no obvious peak ascribed to W species in those samples. 
The results of SEM
41
The macropore sizes and wall thicknesses of the catalysts were about 330 AE 20 nm and 30-40 nm, respectively. A clear observation was that all the samples had unvarying wall thickness, windows and aperture, and those macropores possessed a highly periodic arrangement and interconnection with the small windows. The next level was also clear in SEM images and strongly interconnected through the opening windows. Aer the loading of W, the structure of 3DOM was not changed, indicating that the introduction of W did not remarkably affect 3DOM structure formation.
The results of TEM
The morphologies of 3DOM 0.8% W/CeO 2 , 0.8% W/ZrO 2 and 0.8% W/Ce 0.8 Zr 0.2 O 2 samples were further observed from their TEM images, shown in Fig. 7 . TEM results on the formation of a high quality 3DOM catalyst were in agreement with the SEM images. The next layer was also visible in the TEM images and were strongly interconnected through the opening windows. Aer analyzing the lattice fringe of those samples, only lattice planes (0.310 and 0.273 nm) corresponding to the separation of the (111) 42 indicating that there were some WO 3 on the surface of ZrO 2 , which corresponded well to the Raman analysis.
The results of XPS analysis
XPS is an efficient means for characterizing the metal oxide states, the formation of surface elements and adsorbed oxygen species of the materials. Fig. 8 for the improvement of the performance of the materials. To make a quantitative analysis of the spectra of Ce 3d presented in ), respectively. It is well-known that the surface adsorbed oxygen is thought to be the dominant active oxygen species, due to its better mobility than the lattice oxygen. Meanwhile, gas phase oxygen participates in the SCR reaction by lling the oxygen vacancies on the surface of the catalyst and then helps the "fast SCR" reaction to promote NO reduction activity. 47 Thus, the surface O ads /O latt ratio could partly reect the active oxygen species in the reaction and also have a positive effect on the catalytic performance of the materials. It was noted in Table 1 that the 3DOM 0.8% W/ Ce 0.8 Zr 0.2 O 2 sample possessed the highest O ads /O latt ratio, giving an indication that the sample should contain more electrophilic oxygen species, which was in agreement with the observations in BET analysis. Moreover, the different amounts of O ads /O latt for 3DOM 0.8% W/CeO 2 , 0.8% W/ZrO 2 may be derived from the inner difference of the CeO 2 and ZrO 2 . The abundant oxygen defects were prone to absorbing O 2 to form the active oxygen species, which was in favour of the enhancement of the performance for PM oxidation reactions.
The results of H 2 -TPR and NH 3 -TPD
The intrinsic redox properties of the materials are related to the simultaneous PM combustion and NO reduction reaction. The good oxidation properties directly lead to the high PM combustion efficiency. The excellent reduction performance is conducive to promoting NO x abatement from diesel engines. Therefore, the catalyst should possess excellent redox performance for the simultaneous removal reaction. H 2 -TPR analysis is a powerful tool for dissecting the reducibility and oxygen species mobility of the samples. For metallic oxide catalysts the reducibility of the metallic ion with high valence being converted to low valence, and the absorption or release oxygen as well as the species of the absorbed or activated oxygen can also be reected. 
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PM combustion is a typically deep oxidation reaction, the intrinsic redox performance of catalysts plays a major role in PM oxidation. 37 Topsøe 51 proposed a catalytic cycle for the SCR reaction, referring to both acid-base and redox functions. Previous studies by Lietti et al. indicated that the NH 3 -SCR catalyst with redox functions dominated the catalytic performance. 52, 53 Therefore, the superior redox properties of 8% W/ Ce 0.8 Zr 0.2 O 2 may be in favor of SCR activity and PM combustion.
In addition to the redox properties, the surface acidity of the catalysts is also vital for the simultaneous removal reaction, especially for NO conversion. 40 The surface acidity of 3DOM 0.8% W/CeO 2 , 0.8% W/ZrO 2 and 0.8% W/Ce 0.8 Zr 0.2 O 2 catalysts were measured by NH 3 -TPD and are illustrated in Fig. S5 . † A distinctly broad desorption peak was detected, which occurred in a wide temperature range from 100 to 500 C, indicating that the addition of W promoted the surface acidity of the catalysts. The desorption peak at lower temperatures (100-220 C) was proven to originate from the desorption of ammonia that was physically adsorbed to weak acid sites, while the desorption peak at 220-500 C was attributed to strong acid sites, and could determine the properties of the acid sites. In situ DRIFT measurements were utilized to discuss NH 3 desorption properties on the catalysts. In situ DRIFT of NH 3 adsorption was conducted to detect the variation of acidity on the catalyst and the results are presented in Fig. 10 
Conclusions
The highly ordered 3DOM catalysts were successfully synthesized through a CMCCT method. 3DOM W/Ce 0. 
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